Apres a v o i r d e c r i t l e s conditions de croissance propres a l ' e m p l o i de ces dopants on analysera l e s p r o p r i e t e s e l e c t r i q u e s e t optiques de ces couches e p i t a x i a l e s 8 l a lumiere de r e s u l t a t s de mesures de photoluminescence (4,2 K -300 K) e t d ' e f f e t H a l l (77 K -300 K). On determinera l e s energies d ' i o n i s a t i o n des niveaux accepteurs associes a ces impuretes. On analysera egalement l a v a r i a t i o n de l a m o b i l i t e en f o n c t i o n du dopage.
Abstract. Properties o f cadmium and b e r y l l i u m doped InP and I n a 3As.6P 4 l a y e r s grown by l i q u i d phase e p i t a x y by the two phase tei6:irue w~l l be studied i n t h i s paper.
Growth conditions r e l a t e d t o the use o f these dopants w i l l be described. E l e c t r i c a l and o p t i c a l p r o p e r t i e s o f the grown l a y e r s w i l l then be studied from photoluminescence (4.2 K -300 K) and H a l l e f f e c t measurements (77 K -300 K). I o n i z a t i o n energies o f the acceptor l e v e l s associated t o these i m p u r i t i e s w i l l be determined. Mobil i t y v a r i a t i o n versus doping l e v e l w i l l a l s o be studied.
I n t r o d u c t i o n
The e l a b o r a t i o n o f submicronic devices requires n o t o n l y a p r e c i s e c o n t r o l o f the thickness o f very t h i n e p i t a x i a l l a y e r s b u t a l s o o f the doping l e v e l f o r n and p type i m p u r i t i e s and o f t h e l o c a l i z a t i o n of t h e p-n j u n c t i o n s made w i t h these impur i t i e s . The example o f b u r i e d h e t e r o s t r u c t u r e l a s e r [I] i n which the p-n j u n c t i o n plane o f the b l o c k i n g regrown l a y e r s has t o be positioned w i t h a p r e c i s i o n o f 0.1, 0.2 pm r e l a t i v e t o t h e a c t i v e region plane i s a c l e a r i l l u s t r a t i o n o f such a statement. The processing o f such devices by l i q u i d phase epitaxy becomes easier when one can use p and n type dopants which f u l f i l l t h e f o l l o w i n g requirements : a low d i f f u s i v i t y (good l o c a l i z a t i o n ) , a high e f f e c t i v e s o l u b i l i t y (wide range o f e l e c t r i c a l l y a c t i v e doping w i t h o u t c r y s t a l p r o p e r t i e s d e t e r i o r a t i o n ) , a low d i s t r i b u t i o n c o e f f i c i e n t together w i t h a high atomic weight (doping l e v e l easy t o c o n t r o l by weighing) and a low vapor pressure (precluding dopant losses and m e l t contamination).
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982510 For t h e InP, Inl-xGaxAsyP1-system t i n and germanium doping can be considered as good n type dopants. For p i y p e dopants t h e s i t u a t i o n i s n o t so s a t i s f a c t o r y , since zinc which i s more o f t e n used presents many inconvenients such as a h i g h d i s t r i b ut i o n c o e f f i c i e n t , a high d i f f u s i v i t y and a r e l a t i v e l y high vapor pressure. The o t h e r candidates f o r p t y p e doping a r e Be, Cd, Mg and Mn. Due t o t h e unusefulness o f Mg owing t i t s strong r e a c t i v i t y w i t h oxygen together w i t h a ver h i g h d i f f u s i v i t y
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(D = 10 cm2/s a t 6OO0C) [2] and t o the depth (Ea = 270 me") f3] o f t h e Nn acceptor l e v e l s i n InP which precludes high doping l e v e l s , we have chosen i n t h i s work t o study the growth and t h e p r o p e r t i e s o f LPE l a y e r s of indium phosphide and I n 7Ga 3As.6P 4 ( A = 1,3 vm) doped w i t h cadmium and b e r y l l i u m since from p r e v i o u s l y published d a t i P, 4, 5, 6, 7, 8, 9, 101 (Table I ) these dopants seem t o have b e t t e r doping p r o p e r t i e s than z i n c i f one excepts t h e high vapor pressure o f cadmium. Table I 2. E p i t a x i a l growth
The doped l a y e r s which have been studied were grown i n t h e same conditions ( f i g . 1) as t h e a c t i v e layer, o r the p type confinement layer, o f c l a s s i c a l double heteros t r u c t u r e on n type substrate made i n our l a b o r a t o r y and which a r e designed t o make LED and lasers. The growth temperature o f such l a y e r s i s 635°C. The growth technique i s t h e two-phase one, t h e h e i g t h o f t h e s o l u t i o n s was 3.5 mm, t h e hydrogen f l o w r a t e was 4 1 / min . The s o l u t i o n s were e n t i r e l y covered w i t h an InP s i n g l e o r polyc r y s t a l source which was i t s e l f covered w i t h a g r a p h i t e p l a t e l i m i t i n g so m e l t contamination due t o dopant evaporation. Before growth, the melts were homogeneized during 1 h a t 675OC. The p u r i t y o f t h e doping material was 6 N f o r Cd and o n l y 4 N f o r Be. The amount of dopant i n t h e melts has v a r i e d from 10-3 t o 1 0 -I f o r Cd and from 10-4 t o 10-2 f o r Be. For t h i s doping range t h e l a y e r s were smooth and uniform and d i d n o t e x h i b i t any p a r t i c u l a r type o f defects l i k e p r e c i p i t a t e s . One cannot say however t h a t the dopant does n o t a f f e c t t h e growth since i t has been observed t h a t any increase i n t h e Cd amount i n t h e me1 t above a value Q 1 % gives a corresponding increase o f the growth r a t e o f quaternary l a y e r s ( f i g . 2). ~n Ga A.
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Figure 2 This e f f e c t which was n o t observed w i t h indium phosphide can be ascribed t o a modif i c a t i o n o f t h e l i q u i d u s quaternary composition a t t h e growth and a subsequent temperature v a r i a t i o n o f t h e composition o f t h e quaternary grown m a t e r i a l [ll]
, Such a hypothesis may, a t l e a s t i n part, e x p l a i n t h e s h i f t o f t h e photoluminescence peak wavelength observed as t h e Cd content i n the s o l u t i o n increases ( f i g . 3).
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For the case o f Cd doping i t has been v e r i f i e d that, i n o u r growth c o n d i t i o n s and presumably due t o both e f f e c t s o f a close cover o f t h e m e l t and o f a high hydrogen f l o w rate, i f t h e evaporation o f dopant cannot be avoided, the contamination o f o t h e r melts by Cd i s n o t e f f e c t i v e . T h i s has been v e r i f i e d by evaluating by H a l l measurements the e l e c t r o n i c concentration o f an undoped InP l a y e r which was grown from a two-phase covered m e l t placed j u s t behind t h e Cd do ed melt. I t was found t h a t t h i s l a y e r was o f n type w i t h a concentration o f 2 . 10lg cm-3 which i s t h e background doping value we f i n d i n our equipement when two-phase growth i s used. From f i g u r e s 6 and 7 concerning Be doping d i f f e r e n t statements have t o be made. F i r s t t h e s c a t t e r i n g o f t h e experimental data i s more important than f o r Cd. Second from our r e s u l t s one can observe a strong s a t u
r a t i o n e f f e c t i n t h e e f f e c t i v e doping when t h e b e r y l l i u m f r a c t i o n i n t h e m e l t exceeds 1 %. T h i s s a t u r a t i o n corresponds t o a hole concentration o f 2 . 1018 cm-3 holes f o r indium phosphide and t o 1019 f o r quaternary layers. T h i r d t h a t o u r data a r e very d i f f i c u l t t o f i t w i t h an e f f e c t i v e
value o f k = 1 p r e v i o u s l y published by ABRAMS [4] , even i n t h e low doping range ( x l g e 10-4) which however corresponds t o u n r e a l i s t i c weighing conditions (1 pg o f Be o r 4 g o f s o l u t i o n ) . I n t h i s low concentration range the value t h a t we can estimate t e n t a t i v e l y i s a k value o f 0.35 f o r t h e b i n a r y and o f 1.2 f o r t h e 1,3 pm quaternary.
Photoluminescence and H a l l measurements 1. Photoluminescence
Photoluminescence experiments have been performed between 4.2 K and 300 K using the 5145 1 l i n e o f an argon l a s e r . The e x c i t a t i o n conditions correspond t o a q u i t e high e x c i t a t i o n l e v e l (% 10 W / C M~) .
The low temperature photoluminescence spectra o f Cd doped b i n a r y l a y e r s e x h i b i t , i n t h e considered range o f doping, t y p i c a l l y t h r e e marked peaks l a b e l l e d A, B and C on f i g u r e 8. The peak C corresponds t o near band edge emission presumably i n v o l v i n g impurity-bound e x c i t o n states. The peak B corresponds t o f r e e electronbound acceptor recombination. The peak C, which l i e s 40 meV, i.e. the energy o f the L.O. p h o n o n , below B i s a r e p l i c a o f t h i s l a t e r .
Photoluminescence spectrum made a t 4. 2 K enables t o determine the p o s i t i o n o f the cadmium acceptor l e v e l above the valence band, which has been measured as 55 meV ( f i g . 9) a value very close t o most o f t e n pub1 ishedvalue o f 56 meV [3, 8 , 91. Figure 8 Photoluminescence spectra of Cd doped quaternary a l l o y s e x h i b i t wider peaks. This can be r e l a t e d t o the grading o f composition t h a t e x i s t s i n the quaternary l a y e r s grown by the two-phase technique. However t h e low temperature spectrum on f i g u r e 10 shows both near band-edge and f r e e e l e c t r o n bound acceptor recombination. Although the energy gap o f the quaternary grown l a y e r cannot be determined from these measurements one can estimate from 4.2 K measurements the i o n i z a t i o n energy o f the Cd acceptor i n the m a t e r i a l . This energy ( f i g . 11) i s near 20 meV. 
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The photoluminescence o f b e r y l l i u m doped indium phosphide layers shows the same features as previously described f o r cadmium doping. The 6 peak t h a t corresponds t o f r e e electron-neutral acceptor i s dominant a t low temperature when t h e doping l e v e l i s above 1018 cm-3. The energy separation between t h i s acceptor l e v e l and the valence band can be determined from the 4.2 K photoluminescence spectrum ( f i g . 12). The measured value i s 36 meV ( f i g . 9 ) .
Figure 12
The photoluminescence o f Be doped quaternary layers are characterized by a s i n g l e peak emission whatever the doping l e v e l and the temperature are. The peak even a t low temperature i s q u i t e broad. Since the investigated range o f claping l e v e l s corresponds t o a q u i t e high l e v e l (Na > 1018 cm-3) one can a t t r i b u t e t h i s peak t o a t r a n s i t i o n between conduction band and a q u i t e shallow acceptor l e v e l , more precisely an acceptor impurity band r e s u l t i n g of the overlapping o f the acceptor o r b i t a l s . This hypothesis w i l l be confirmed by the analysis o f H a l l e f f e c t data.
H a l l e f f e c t measurements
From t l a l l e f f e c t measurements and by using the charge n e u t r a l i t y equation, assuming a sing1 e acceptor 1 eve1 , we have determined by a best f i t method the i o n i z a t i o n energy o f the Cd and Be acceptor l e v e l s i n the binary doped layers. This method gives also the compensation r a t i o which can be evaluated t o l e s s than 1. The a c t i v a t i o n energy o f t h e acceptor l e v e l s f o r these i m p u r i t i e s has been determined by photoluminescence and H a l l e f f e c t measurements i n the case o f Cd f o r InP and In.7Ga,jAs.6P64 and i n the case o f Be f o r InP. Photoluminescence and H a l l e f f e c t measurements on quaternary m a t e r i a l s doped w i t h Cd and Be have a l s o shown the e v idence o f an impu ' t y band associated t o t h e acceptor l e v e l when t h e h o l e concentrat i o n i s above lotA cm-9.
